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Outline

The CGM, gas flows and galaxy formation

Cosmological “zoom-in” simulations of individual galaxies and
their environment

The simulated CGM of a massive galaxy:

® Detailed comparison at z ~ 2-3 on spatial distribution & kinematics of H |
and metal absorbers (Shen+ 201 3)

® The evolution of CGM until z = 0.6 (preliminary)
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Fumagalli +201 |
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Can cold accretion flow be detected? What’s
the covering fraction? Are they enriched?
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“Feedback”, galactic winds & gas accretion:
Key components for galaxy formation

Winds are necessary for:

|. Enrich the IGM (e.g,, Oppenheimer & Davé 06,
" 08, 10;Wiersma+10; Shen+10)

2. Regulate cosmic SFR (e.g, Schaye+10)

3. M* - M relation (Guedes+| |; Brook+12)

4. Produce extended galactic disk in

simulations (Agertz+11; Guedes+1 |; Brook+12;)

5. Create DM cores in dwarf galaxies
(Governato+10; Pontzen+12; Tayssier+13)

6. Alleviate “too big to fail” problem (Zolotov
+2012)

Behroozi +

How halos acquire their gas?
// R T |. Photo-heating from the UV background
g = Betroozietal (010) g ! (e.g. Efstathiou+1992; Kravtsov+2004; Madau+2008)

“» wem Reddicketal (2012)

Moster et al. 2010 (AN 2GS suppress dwarf galaxy formation

Moster et al. 2012 (AM)

Guo et al. 2009 (AM)

b s s N - 2. Cold mode vs. Hot mode accretion for
Zheng et al. 2007 (HOD)

. Yang et al. 2012 (CLF) N Iarge halos (e.g., Birnboim & Dekel 2003; Keres+2005,
Yang et al. 2009a (CL) : . :
lon.dn e stoamad A 2009; Brooks+2009; Nelson+2013)
« ==« Lin & Mohr 2004 (CL) Halo mass
= == Behroozi et al. (2012) . . o c
Gas cooling <> Metal enrichment & mixing

1010 10! 102 10!3 |04 KH instability of gas flows

Tuesday, July 2, 2013



“Zoom-in’’ Simulations

Motivation:

|. Computation limit!

2. Correct large scale structure for gas
accretion

3. Able to resolve disk structure, constrain
feedback from both the galaxy and the CGM

Force resolution down to ~< 100 pc, gas
particle mass 103-10% Mgun,
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A Simulated Massive Galaxy: Eris Suite

Guedes+1 I;Shen+12, 13
" Gasoline

TreeSPH code Gasoline (Wadsley+ 04)

Star formation & SN feedback (Stinson+ 06);
Primordial+metal cooling (Shen+10); Metal mixing
(Shen+10);

Moster+ 2013
No AGN feedback

Flat rotation curve: Very small bulge at z ~ 0.6

115 12.5
log(My/Mg)

Tuesday, July 2, 2013



Spatial Distribution & Kinematics of H | and Metal
Absorbers at z ~ 2-3
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Eris2 and Its Metal-Enriched CGM atz = 2.8

Shen et al. (2013)

J"v‘B
Galexy UV d=3 kpc¢
d=15 kpc

d=45 xpc
{— 126

o kpc

Calculating ion fractions:
* UVB + non-uniform stellar UV assuming constant SFR 20 Msun/yr 600 x 600 x 600 kpc? projected map of gas

* Assuming optically thin metallicity. The disk is viewed nearly edge on
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Kinematics of the Metal-Enriched CGM
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Kinematics of the Metal-Enriched CGM
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CGM Metals Traced by Different lons
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Inflowing and Outflowing CGM

Inflow Outflow Total

p
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Hl Sill Cll Si IV ClIv
Inflow mass (%) 77% 66% 66% 50% 44% 32%
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Inflowing and Outflowing CGM

Inflow Outflow Total

g peneennen peneenans e fem e e e, eeennanns A feeeeees N : : : : :
: HI e inflow: well within 2 H I :f HI . ;
: the viral radius : 4 .

.

Hl Sill Cll Si IV ClIv
Inflow mass (%) 77% 66% 66% 50% 44% 32%
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Inflowing and Outflowing CGM

Inflow Outflow Total
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Inflowing and Outflowing CGM

Inflow Outflow Total
. HI e inflow: well within " H I * outflow: increase : :  Hi , :
: the viral radius > i ~ Cf for weaker (logN: [ 75 - A p
. EH .12~ 14.5) absorbers : | ' \ 3

; &
: eMajority of LLS*
- (green) inflowing

Hl Sill Cll Si IV ClIv
Inflow mass (%) 77% 66% 66% 50% 44% 32%
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Inflowing and Outflowing CGM

Inflow Outflow Total
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E (green) inflowing " i b :
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Inflowing and Outflowing CGM

Inflow Outflow Total

rrirT FrrryfcTTT IirfrTTTTaATy TI¥IavT3a3T737 TIFIIIITIIFI T
r I 1 1 1

LARAR LEABARLAELASE RAAR AR AS RAARARA AT RAAASAALEE RARA

cl "o outflow: incréase H I
.4Cf for weaker (logN

24 ey 14.5) absorbers

(o | e inflow: well within
the viral radius

-o '!" ) "C‘ l':
a \. "' '\
e . 'i* qgg
. ¥ <%
' I :
-.""é i
B o) - it .
P oy
. - g 4 ..
.‘Q."

(green) inflowing

1.0 120 130 140 15.0 16.0

- 5\
@ ‘2
e ¥
-’It
lllllllllllllllllllllllljllllllllllllllllllll

g

L1 11

— 11.0 120 130 140 15.0

'"'l""'""l"""""""""'l"'"""l"'
-

y Fo
sssslesssssneslssssssssslscs AT FTETET AT T

llllllllllllllllllllllllllllllllllllllllllllllll

O Vi S

oV

. N, ¢
accretion plane

120 130 140 15.0 16.0

.‘IIIIl'IIIIIIIII'IIIIIIIII'III'lllll'l"'

?illlll'll

120

Hl Sill Cll Si IV ClIv O VI
Inflow mass (%) 77% 66% 66% 50% 44% 32%

Tuesday, July 2, 2013



High ions: Collisional lonization or Photoionization?

Cooler (T~3-5
x 10*K),
clumpier,

photoionized
OV

‘ SilVand CIV:

Mostly photo-
ionized

o Clumpy 4§
|

1.0 120

OVI

Hotter
(T> I 05K)

\
A
o

il‘llllll'lllll

INNAN

1.0
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Synthetic Absorption Spectra

outflow
inflow

Normalized Intensity

OVl 1032

ou}ou}n-}-o-}-o-'

Cll 1334

>
=
n
-
7]
.-
<
(8}
o
s
©
E
~—
o
=

R TR PRI TERE F

Sill 1260

RN N RN R IR R RN I B

Normclized Intensity

® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Synthetic Absorption Spectra

outflow

OVl 1032 inflow

Normalized Intensity

ou}ou}n-}-o-}-o-'

Cll 1334

>
=
n
-
7]
.-
<
(8}
o
s
©
E
~—
o
=

R TR PRI TERE F

Normclized Intensity

Sill 1260

RN N RN R IR R RN I B

® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv

Tuesday, July 2, 2013



Synthetic Absorption Spectra

outflow

OVl 1032 inflow

Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Synthetic Absorption Spectra

*Most, but not

all, components
exist in both

outflow ]

inflow high and low
ions -- Multi-
phase nature of

absorbers

Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Synthetic Absorption Spectra

*Most, but not
all, components
G exist in both
inflow high and low
ions -- Multi-
phase nature of
absorbers
*Velocity range ~
il 1334 + 300 km/s

Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Synthetic Absorption Spectra

*Most, but not
all, components
exist in both
high and low
ions -- Multi-
phase nature of
absorbers

*Velocity range ~
+ 300 km/s

outflow

OVl 1032 f ow

Normalized Intensity
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Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Synthetic Absorption Spectra

*Most, but not
all, components
exist in both
high and low
ions -- Multi-
phase nature of
absorbers

*Velocity range ~
+ 300 km/s

Ovl 1032

Normalized Intensity

inflow

NESEENE FREE RS R

>
=
@
c
]
e
=
=
]
N
o
£
-~
o
2

b=341P¢  cIv 1548

eMetal enriched

§ : U infalling gas:
g | | | 1; *Ruir < r < 2Ryir
2 ~' | *d ~ 100
2 | Wil i | *Z > 0.03 Zsun
-300 -200 -100 0 -200 -100 0 *Enriched gas around

v [km/s] v [km/s]

nearby dwarf galaxy

® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); Tj(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eT™]dv
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Wo-b Relation and Comparison with Observations

*Metal Line strength
decline rapidly at 1-2 Ryir

*Line strength decline
less fast for C IV, OVI

v and H |

Steidel et al. Oovl 1032

Rakic et al. )
*Ly &:remains strong to

>~ 5 Rvir

*Broadly consistent with

observations from
Steidel+ (2010) and
Rakict+ (201 1)

CIV 1549 TN | CI 1334

*W) for metal ions:
Higher than simulations
without strong outflows

) ¢ U, e L (e.g., Fumagalli+ 201 [;

SilV 1393 R 5 Sill 1260 i : : Goerdt + 2012)

0-1 1.0 - 0-10 . A II b |0
Impact parameler b/Rm— Impactl parameter b/R” t sma , IINES are

mostly saturated -- W
determined by velocity

® 3 orthogonal projections, each has 500 x 500 evenly-spaced slightlines within
b = 250 kpc region centered at the main host
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Covering Factor of H | and Metal lons

< Rudie et al. (2012)
Clv

el

| -
O
e
O
O
Lo
(O]
C
-
o
>
O
@)

N > 10'4em?
b < 200 kpc N> 10172 cm?2 Cf of metal ions with Nion >
m=2" 103 cm2 within | or 2 Ryir

*In reasonable agreement with Rudie+ (2012) for H [, but in the low
side for N > 103> ¢m-?

*H | covering factor: slightly higher but consistent with simulations
without strong outflows (e.g. Fumagalli+201 |, Faucher-Giguére & Keres 201 1)

Tuesday, July 2, 2013

® O VI has covering
factor (Cf) of unity
in 2 Rvir C 1V also
have large Cf

oC II, Si Il, Si IV:
smaller Cf, decline
fast when b > Ryir
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Detecting the Cold Streams: H | and Low lons

Cold (T < 10° K) inflow rates at Ryir
dMin, cold/dt = 18 Msun/yr, comparable to
the SFR; Min, hoddt ~ 5Msun/yr

35% inflow gas from nearby dwarfs

Within 2 Rvir: 90% of LLS are inflowing
gas, Vin <~ 150 -200 km/s




Detecting the Cold Streams: H | and Low lons

Inflow only, optically thick gas

inflow log, N, > 17.2

H I

Gy

| [ ]

inflow log, N, > 17.2

Cll

2.0 14.0 16.0 18.

46'0 \ |1.7.’.0. | 18’0 | .1.9.'0.| zo’ol 21°0 L e

Cold (T < 10°K) inflow rates at Ryir
dMin, cold/dt = 18 Msun/yr, comparable to
the SFR; Min, hoddt ~ 5Msun/yr

35% inflow gas from nearby dwarfs

Within 2 Rvir: 90% of LLS are inflowing
gas, Vin <~ 150 -200 km/s



Detecting the Cold Streams: H | and Low lons

Inflow only, optically thick gas °

H I

[ [

160 170 18.0 190 20.0 21.0

(O]

. B

2.0
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Cold (T < 10°K) inflow rates at Ryir
dMin, cold/dt = 18 Msun/yr, comparable to
the SFR; Min, hoddt ~ 5Msun/yr

35% inflow gas from nearby dwarfs

Within 2 Rvir: 90% of LLS are inflowing
gas, Vin <~ 150 -200 km/s




Detecting the Cold Streams: H | and Low lons

® Cold (T < 10°K) inflow rates at Ryir
R dMin, cold/dt = 18 Msun/yr, comparable to
‘ ] the SFR; Min, hot/dt ~ 5Maun/yr

Inflow only, optically thick gas

H I k\i : ® 35% inflow gas from nearby dwarfs

: ®  Within 2 Rvir: 90% of LLS are inflowing
. gas, vin <~ 150 -200 km/s

® Cold inflows are enriched: Ziis > 0.03 Zsu, for r
< Rvir, and ZLLS > 0.0I Zsun W|th|n 2Rvir

® Still lower than outflow metallicities Zout =

K=

| .1.8'.0. | .1

16.0 17.0 40 20.0, 21.
I l. ll ll l. L ll ll ll ll I l 1 ll ll Il I ll ll ll ll ' ll ll ll ll |
- ‘ C Il -
Cl : <
7 A
: 5
- +
| 3]
O
- N—
N R o
= v
- 5
B _
12.0 o)

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1
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Bimodal Metallicity Distribution of Cold CGM

HI selected] LLS (16.1<log Ng<18.6) r At z = 2.8, metallicity comparable to z ~ I:

) |. Halo assembly history: M* ~ [/3 of M*u,,
Lehner+ 2013 1t 7 =2.8

2. Winds recycle too much?
3. Mixing?

Frequency

T T T T Y v T T T T Y T L3 T T T

16.1 <log N < 18.6
metal rlch

branch: inflow
and outflo

IR R

NN

_
N

Covering fraction

oL LS systems at z < [, 16.1 <log N <

18.6 o} metal poor “t—
eBimodal distribution: : : branch: inflow

emetal-poor: accretion flows 000t ol vy o e i e o

*metal-rich: outflows, recycled wind? 5 =20 -15 =10 =05
log, Z2/Z6
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Evolution of the CGM around Massive Galaxies

P S AP e N Y,
N LAt ialll: Satieg 1
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[ ] [ )
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(e s ST 5
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Evolution of the CGM: H |

Preliminary!

“Cold stream” mode decays; Redshifs

¢ n e R . A B B . s B - — -
.l.* Y -i \; l.t'\. 3 .'-. ’ j e s Y = .- Y S

s Sdy
’ < 4 1 . . » 9 3
- - . \ A , :
_— ot o S Or SO Py ey . e 5 L - = ‘iy-.
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Evolution of the CGM: H |

Preliminary!

Redshift | Cf (< Rvir) | Cf (<2 Rvir)
z=128 27% 12%
z=20 24% 7.5%
z=1.0 7.9% 2%
z=0.6 4.4% 1.1%

Although the Cf of LLS declines, the Cf of the
systems >~ 10'*cm2 remain high up to 100
kpc at z = 0.6, consistent with Werk et al. 2013

10 100
impact parameter b [kpc]
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Evolution of the CGM:Total Metal Column Density

® The SFR decreases from 20
Msun/yr to 4 Msun/yr; Halo mass
increase from 2el | to 6el |

-: Msun

‘ ® Enriched region grows in

-' comoving space, and does not
grow significantly below z =
|.0. Metals passively dispersed
from the expansion of the
Universe

z=0.6 | ™~

13.0 140 150 16.0 17.0 18.0 19.013.0 140 150 16.0 17.0 180 19.0

Total Metal Column

13.0 140 150 160 170 180 19.013.0 140 150 160 17.0 18.0 19.0

The growth of metal-enriched region in comoving coordinates,
box size 3 Mpc on a side. The column density is physical, NOT : |O
COMOVINIE, Impact parameter b /Rvir
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Evolution of the CGM: OVI

Less clumpy >

e

\

Tumlinson et al. (2011)
A Prochosko et ol. (2011), sub Le
® Prochosko et ol. (2011), Le

® From z =2.8 to 0.6,the OVI
halo grows with Ry, strong
absorption within Ry

® All redshift consistent with the

Tumlinson+ (201 1) data;
Median column
density Wi |  Cfof Novi> 103 cm2 remains

unity for all redshift within Ry
1.0
Impact parameter b /Ryir
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Evolution of the CGM: Low and Intermediate lons

1.0

Impact parometer b /Ryir Impact parameter b/R

®  Fromz=28t0z=0.6,C lland C IV enriched  WVithin Ry, covering fraction of N > 103 cm2

region increases slower than Ry ]
S W Redshift C IV Cf C Il Cf
®  Covering fraction within Ryir of N > 10'3 also z=28 97% 77%
decreases
z=2.0 81% 52%
®  The absolute size of C IV and C |l region z=1.0 46% 23%
remains similar from z = 2.8 - 0.6 (Chen et al. = : L
2012), although the total metal enriched z=06 367 14%

region increases with Ryir
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Evolution of the CGM: Low and Intermediate lons

10

Impact parameter b /Ryir Impact parameter b [kpc]

®  Fromz=28t0z=0.6,C lland C IV enriched  WVithin Ry, covering fraction of N > 103 cm2

region increases slower than Ry ]
S W Redshift C IV Cf C Il Cf
®  Covering fraction within Ryir of N > 10'3 also z=28 97% 77%
decreases
z=2.0 81% 52%
®  The absolute size of C IV and C |l region z=1.0 46% 23%
remains similar from z = 2.8 - 0.6 (Chen et al. = : L
2012), although the total metal enriched z=06 367 14%

region increases with Ryir
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Evolution of the CGM: Low and Intermediate lons

10
Impact parameter b [kpc]

10
Impact parameter b [kpc]

®  Fromz=28t0z=0.6,C lland C IV enriched  WVithin Ry, covering fraction of N > 103 cm2

region increases slower than Ry ]
S W Redshift C IV Cf C Il Cf
®  Covering fraction within Ryir of N > 10'3 also z=28 97% 77%
decreases
z=2.0 81% 52%
®  The absolute size of C IV and C |l region z=1.0 46% 23%
remains similar from z = 2.8 - 0.6 (Chen et al. = : L
2012), although the total metal enriched z=06 367 14%

region increases with Ryir
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Summary I: CGM around MWV like Galaxies in the Eris2

Tuesday, July 2, 2013

Simulations

Zoom-in simulations provide rich information on the distribution, kinematics
and evolution of the CGM;

Coexistence of high and low ions for most absorbers, although not all the Oy
systems has corresponding low ion counterpart.

Wo-b relation from Eris2 appears to be in reasonable agreement of
observations of Steidel +(2010). Feedback & outflows are crucial to reproduce
the Wo-b relation.

£ . - . 5 } a )
' 1 Ne COoVeE O -S Cm DO .
| \ . < CA N ¢ | - ) Cl o
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Summary I: CGM around MWV like Galaxies in the Eris2
Simulations

As the CGM evolve to lower redshift, the cold streams gradually fade, and
the covering fraction of LLS declines. However, the Cf of systems with
log NHi > |4 stays high at z = 0.6.

The size of total metal enriched region increases with Ryir, Rz ~ 5-8 Ry
® OVl halo: the column density remains high within Ryir, and the N-b/Ry;r

- relations appear consistent with the Tumlinson+ 201 | data for star-forming

-
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Simulation of Seven Dwarfs

Working in progress
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Simulation of Dwarf Galaxies
Shen+ |3, to be sumitted
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Properties of the Most Massive Seven

Name Myir Ryir Vinax : Mgas My Jo I'—“]
[kpc] [kms—!] M [Mg] [Mg] (10— Mg yr—!]

Bashful : ' 85.23 50.7 1.15 x 10° 8.14 x 10°  2.34 x 107 0.026 89 —0.96 £ 0.50
Doc 1.16 x 10'°  50.52 3.40 x 107 T4 x10% 198 x 107 0.018 5.1 —1.14 £ 0.44
Dopey 3.30 x 107 38.45 9.60 x AT x 107 1.96 x 10°  0.014 -1.97 £ 0.33
Grumpy 1.78 x 10°  29.36 5.30 x 10° 3.00 x 107 5.40x10° 0.017 ~1.52 £ 0.54
Happy 6.60 x 108 2249 2.54 x 10 270 0.004

Sleepy 4.45 x 10° 19.71
Sneezy 4.38 x 10° 19.62

n p
oo O 0 o O
o N

——— N N G
N O NS

1.64 x 10° 0.0004

NOTE. Column 1 lists the dwarf name. Columns 2, 3, 4, 5, 6, 7, 8, 9 and 10 give the present-day virial mass, virial radius (defined as
the radius enclosing a mean density of 93 times the critical density), maximum circular velocity, stellar mass, gas mass, H 1 mass, baryon
fraction f = (Mxs + Mgas)/Myir, average SFR calculated over the last 1 Gyr of the simulation, mean stellar metallicity and dispersion,
respectively.

T 17'71’71’

® Bashful

Doc u *4 luminous dwarfs, with M*

® Dopey

Grumpy . ' ' from 9.6 x 10* Mgun to I.1 x 108
Msun

eBashful & Doc: M+/My, on the
Behroozi + 2012 curve

*Dopey & Grumpy: very small

stellar fraction
*Dopey is H | rich:M  ~ 10 M+

ll”l[

]
1

1
1

T TR
1 lllllll

TTTTTT]
lllllll

Behroozi et al. (2012
0DG1, Governato et al.(2010
Eris, Guedes et al.(2011)

1
1

saal L R |
10" 102
M 3 [Mo]

— [
& T -
i
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Mass-Metallicity Relationship (MZR)

9.0 H @Boshful |

[ ]Giovanelli et al. (2013)
Lee et al. (2006)
Woo et al. (2008)
Monnucci et al. (2011)
Berg et al. (2012)

*Oxygen abundances in the ISM for the 4 dwarfs lie on the mass metallicity

relationship and in good agreements with observations (Lee+2006,Woo+2008, Mannucci
+201 1, Berg+2012)

*Dopey and Grumpy are extremely metal poor galaxies, but still on the MZR.
Similar to a very recently discovered H I-rich dwarf, Leo P (Giovanelli+2013)
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The Environment; CGM and Galactic Wind from Dwarfs

*Bursty SFR & Low gas and
Stellar Metallicity indicates
effective winds ' S

Doc

Redshift

eFraction of metals that is

ejected out of the halo:
Bashful: 90%

Doc: 88.5%
Dopey: 8.3 % oo Boshfu
Grumpy: 54.1% [—

e Cumulative mass loading
(Meject/M+) as function of
redshift: generally > 10
*Mass loading similar to the
dwarf satellites in Eris

Redshift
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Evolution of the CGM around Field Dwarf Galaxies

e Bashful has Ryi- = 85
kpc ;

® The extend of enriched
region Rz >~ |5 Ry

. bgll(Ni) [em™?] E

16.0°

log, (N.) [cm"l
[

1.0 12.0 13.0 14.0 15.0

"
L
A
i
B
|
I
I
i
i
|
0

e
o
o
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Evolution of the CGM around Field Dwarf Galaxies

| L it iy b e S b ok e it Jest e e as e et et l_' P -“. bt o s b an s Lo mat e ma o it et ot pe bt any . d oms b L | -;. -- . Bashful has Rvir = 85
— Z— I zZ=2"
- | kpc ;

- e The extend of enriched

!

log. (N} [em~?]

TN

log, (N,) [em™2] & : : 10.0
Impact parometer b/R

log (N,) [cm™]

'11.0 12.0 13.0 14.0 15.0 16.0111.0 12.0 14.0

+
PR BTN BTN TN S ST SN T S T M R B T T SRR N T

Box size: 3 comoving Mpc on a side
Centered at the most massive dwarf
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Column Density Map of Various lonsatz =0

N
I
o
o
g
J‘

I
=

- OVI“ N HI: 10" to 1020 ¢cm
Metals:10'° to 104 ¢cm™2

Yellow color = 10!3 ¢m™

®  High ionization metals extended
further than low ions

T T T T T T Y T YT T T T T YT L0 B0 A0 B B0 2n a2 e B AR BN An Bn S Bn A 2 Ae Ty
T T T T T
£

® Low ions such as Mg Il drop below
10'3 rapidly as impact parameter
increases, < 20 kpc or so

TR

®  Metals are highly ionized at larger
distances

® The CGMiis less “clumpy” as the one
near massive galaxies
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Comparison With COS-Dwarfs Data

. o COS—-dwarfs, Werk et al.

, . |COS—dwarfs, Werk et ol.

e
"

1.0
0.5 1.0 Impact perameter b/Rv;

r

Impact parameter b/R
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Comparison With COS-Dwarfs Data

. o COS—-dwarfs, Werk et al.

e
"

; 1.0 ;
0.5 1.0 Impact parameter b/RV;r

Impact parameter b/R
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Comparison With COS-Dwarfs Data
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1

o COS-dwoarfs, Werk et aol.
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0.5 1.0
Impact parameter b/R
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Comparison With COS-Dwarfs Data
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0.9 1.0 1.9
Impact parameter b/R

COS-Dwarf Survey data from Werk et al. in
Prep;

The most massive dwarf (Bashful) has M* =
1.5 x 108 Msun, rare in the COS-Dwarf Sample

If choosing a cut of log M* < 8.5, then most
metal signature are upper limits

Needs simulations with different mass halos
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Where are the metals?
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Summary ll: CGM around Field Dwarf Galaxies

For the same stellar feedback, galactic winds are more efficient in field dwarf
galaxies, which leads to bursty SF and mass loading factor about few tens,
much larger than large disk galaxies

The dwarfs are very inefficient in turning gas into stars, and very metal
poor, but still lies on the mass-metallicity relationship

For the 2 biggest dwarfs, ~90% of metals ejected into the IGM. Mass loading
factor (accumulative) varies from few tens to hundred
TR .. -"— _‘ ' ;1 ..7 e -' ' .."-'.", . 1: - ..,, .-: y _ =

LR .

Tuesday, July 2, 2013



Clumpy CGM: Is that Real??

® Origin of the cold gas: entrained from the hot wind material

® But SPH cannot disrupt clumps easily... artificial surface tension that suppress

KH instability
density t/t,=0.00 Gadget-2 Simulation
Lk Visualization by Andrew
‘ Pontzen
10"%cm?

temperature
107K

10°K

x velocity
1000 km/s

Gadget-2 (Volker Springel) Visualization by Andrew Pontzen/pynbody

-300 km/s
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Clumpy CGM: Is that Real??

® New SPH in ChaNGa code (Quinn,Wadsley et al. in prep)

density t/t,=0.00
10%cm?
. ChaNGa Simulation
Visualization by
Andrew Pontzen
10"°cm?

temperature
107K

10°K

X velocity
1000 km/s

ChaNGa SPH (James Wadsley/Tom Quinn) Visualization by Andrew Pontzen/pynbody

-300 km/s
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Modified SPH in the Eris Simulation
dad Old SPH
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Smagorinsky Model of Turbulent Diffusion
Wadsley+ (2008); Shen+(2010)

Most basic turbulent model: (Kturb has units of velocity X length)

ou —

— v.Vu = —(y - Du(V.v) + VK, Vu

Smagorinsky model (Mon.Weather Review 1963) -- Diffusion Coefficient determined by
velocity Shear
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The Effect of Metal and Thermal Diffusion - |
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The Effect of Metal and Thermal Diffusion - |
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The Effect of Metal and Thermal Diffusion - |l

No mixing

HI
logN=15.5

-
O
—_-—
Q
O
(F
o
C
-
Q
>
O
O

HI
logN=17.2

® The covering factor of metal ions at log N > |3 does not change significantly

® The covering factor of LLS H |, C Il and Si Il decreases because the CGM is
clumpier

® Cf for more diffuse H | and C IV increases because of more efficient wind
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The Effect of Metal and Thermal Diffusion lll
With Metal Diffusion No Metal Diffusion
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SPH & KH Instability

. Turbulence destroy the blob,
Grid Code mixing occurs

V=1000 km/s

Cold,
dense gas

Mixing does not occur in

Tuesday, July 2, 2013



SPH & KH Instability

Wadsley+ in prep.

Old SPH

o TN
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Where are the metals?
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Distribution of Metals and lons in p-T plane

Tuesday, July 2, 2013



The Simulations

TreeSPH code Gasoline (Wadsley et al. 2004)

SF: dp+/dt = EsFPgas/tdyn < Pgas'> When gas has nH > nsr

Blastwave feedback model for SN Il (Stinson+ 2006): radiative cooling turned-
off according to analytical solution from McKee & Ostriker (1977).

Radiative cooling for H, He and metals: metal cooling computed using Cloudy

(Ferland+ 1998), assuming ionization equilibrium under uniform UVB (Haardt & Madau
2012)

Turbulent diffusion model for thermal energy, and metals (Wadsley+ 2008; Shen
+2010) .

RN PR TR N EN O e o W T [Ty R s Y] F N e P [ RN e |
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Why High Resolution?

. ® The blastwave model is NOT
® Resolve the clumpy SF behavior resolution independent; works better

, when gas more like the ISM
® Allow gas density start to be able

to form H; ® SN feedback (Stinson+2006): Based
on explicit blastwave model of
Chevalier (1974) and McKee &
Ostriker (1977)

® Hot, low density shell
surviving time -- cooling
shutoff time:

¢ — 106 85 EO 32 O34P—0 7yr

max

10" 1 10"10%10%10* 1 10'10%10%10* 1 10'10%10%10*
Density [oamu/cc]

® Maximum radius of a SN
blastwave -- energy and

e Full del of h |
ull model of gas phase and dust grain H2 metal distribution radius:

formation with radiative transfer approximation
(Christensen+ 2012).

e Similar behavior in analytical model from
Krumholz+ 2009
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The Eris Simulation

Guedes+201 |
i,V, FUV SUNRIZE (Jonsson 2006) ®  Eris has structural properties, mass
composite image budget and scaling relations all

consistent with observations.

Mvir Vsun |V|>!<
[102Me]  [km/s] = [10'°Meun]

0.79 206 3.9 : : .|
1£0.2 22118 4.9-5.5 ! .3%0. ! 0.68-1.45
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The Eris Simulation
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Observations from Behroozi et al. (2010)
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Mvir Vsun I"Pl<
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0.79 206 3.9
1£0.2 22118 4.9-5.5
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Guedes+201 |

Eris has structural properties, mass
budget and scaling relations all
consistent with observations.

0 05
i/ Je

Rd
[kpc] [Msun yr-']
2.5 21.7 |1

2.310.6 ? 0.68-1.45
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The Eris2 and Eris2h Simulations

Eris2:
1) Incorporate metal cooling at T > 10* K (Shen+2010)
2) updated IMF (Kroupa+ 2001)
3) updated UV background (Haardt & Madau 2012)
4) allow metal to mix according to a turbulent diffusion model (Wadsley+2008; Shen+10)
5) higher SF threshold ng = 20 atoms/cm? instead of 5 atoms/cm?

Eris2h: increase eSN from 0.8 to 1.0

Stellar Mass - Halo mass relation
follows the values predicted by

abundance matching (Moster+
2012, Behroozi+2012)
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